eration during development. 13, 18, 22 Because these somatic mutations can occur during varying stages of embryogenesis, they may be associated with a spectrum of abnormalities characterized by tissue overgrowth. 22 In addition to somatic mutations, recent studies in murine models identified a possible link with chronic human papilloma virus infection and focal cortical dysplasia (FCD), suggesting a causal association of chronic inflammation during gestation and the pathogenesis of cortical malformations, 4 although this observation has not yet been verified. Rasmussen's encephalitis is also an exclusively unilateral holohemispheric disorder of childhood and adolescence; affected children present with focal seizures in the form of epilepsia partialis continua (EPC). 15, 16 The disease is characterized by chronic neocortical and meningeal inflammation but is not associated with an infectious process.
2,17 RE may be due to autoimmune-mediated mechanisms, but the reason for the exclusive unilateral involvement remains unknown.
14 RE has been associated with other pathological processes, especially with cortical malformations like FCD and tuberous sclerosis. 10, 21, 25 In fact, dual pathology has been reported in about 10% of RE patients, with histological appearance of neuronal ballooning, and cortical dyslamination and microdysgenesis, similar to FCD or HME.
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Given the occasional overlapping pathology between RE and cortical migration disorders, one question that arises from these observations is whether RE and HME, diseases with holohemispheric involvement but apparently different etiologies, have any overlapping characteristics. We performed a retrospective review of patients with a presumed diagnosis of HME or RE who underwent hemispherectomy. By examining their clinical, imaging, and histological features, we hope to understand the connections between malformative and inflammatory holohemispheric disorders.
Methods

Patient Selection
We used a search algorithm to identify all patients with unilateral holohemispheric pathology in the archival database of the Department of Pathology at UCSF between 1987 and 2013. We searched the following keywords in the final diagnosis, clinical history, or comments of all pathology reports: hemimegalencephaly, polymicrogyria, or Rasmussen('s). All patients who had unilateral holohemispheric and unilateral multilobar lesions with medically refractory epilepsy were included in the study, and all patients were younger than 18 years. Patients were then placed into a specific diagnostic category based primarily on the histopathology information and in conjunction with radiographic information when available. Pathology samples were taken from all lobes of the hemisphere when available to make the diagnosis. The patients were excluded from the study if the clinical or pathological information was insufficient to make the diagnosis or if the process did not involve the entire hemisphere. One case was excluded from the study because it was a fetal autopsy case. All research protocols were approved by the University of California, San Francisco, institutional review board for human research (Committee for Human Research).
Clinical Data Review
Clinical data review included date of seizure onset, type of seizure (simple partial, complex partial, and/or generalized), seizure frequency, seizure duration, medications, other presenting symptoms, all MRI studies, electroencephalography (EEG), and pathology. Clinic visits and phone interviews were conducted for follow-up evaluation. Each patient's outcome was assessed using the Engel seizure classification system 6 : Class I, seizure free; Class II, rare disabling seizures; Class III, worthwhile improvement; and Class IV, no worthwhile improvement. All available preoperative and postoperative MR images were independently reviewed by one of the authors (A.J.B.). Only 2 of the 7 patients with RE (Cases 10 and 14) had available MR images for review, while others had radiological reports. Imaging features that were recorded included the extent of the abnormality; the presence or absence of gray/white junction blurring; abnormal signal intensity of the cortex or underlying white matter; white matter volume; cortical thickening or thinning; gray matter heterotopia; abnormal cortical sulcation (specified as polymicrogyria, pachygyria, or lissencephaly); and abnormalities of the cerebral ventricles (increased, decreased, or abnormal shape). The patients were assigned to either of the 2 groups based on radiological and pathological evaluation (consistent with hemimegalencephaly or consistent with Rasmussen's encephalitis). All available EEG studies and reports were reviewed by 2 of the authors (J.S. and P.A.G.).
Pathology Evaluation
All available pathology materials were reviewed, and the diagnoses were confirmed by 2 of the authors (B.B. and T.T.) in light of the clinical and radiological information. In addition, all patients with focal pathology not involving the entire hemisphere were excluded because of the ambiguity between non-holohemispheric megalencephaly and FCD. Immunohistochemical studies were performed at the Department of Pathology Immunohistochemistry Laboratory. The pathological features that were reviewed included the presence of hypercellularity, perivascular lymphocytes, macrophages, dysmorphic neurons, cortical/white matter gliosis, heterotopia, microglial nodules, balloon cells, satellitosis, neuronophagia, vascular proliferation, immature cells, and dystrophic calcification. The assessment of the severity of each parameter was defined as the presence of that particular parameter in quartiles of the submitted material. The parameter was defined as mild if it was seen in one-quarter of the tissue, moderate if it was seen in 2 of the 4 quadrants, and severe if it was seen in more than half of the submitted tissue. Hypercellularity was defined as a greater than 50% increase in the cell density of the normal cortex or white matter. through our search algorithm, we identified 14 patients for the study; 7 had HME and 7 had RE. Three patients were excluded due to the lack of clinical or pathological information. Thirty-five patients were excluded due to non-holohemispheric pathology that was more consistent with FCD. One fetal case of HME with associated multiple congenital anomalies and Proteus syndrome was excluded.
Clinical Features
Among 7 patients with HME and 7 patients with RE, there were 3 females in the HME group and 3 females in the RE group ( Table 1 ). The median age at presentation was 2 ± 1.1 years for HME patients and 9 ± 4.0 years for RE patients. At the time of surgery, all patients presented with medically refractory epilepsy. Among the 7 patients in the HME group, 4 presented with focal seizures, 1 with myoclonic seizures, and 2 with otherwise unspecified medically refractory epilepsy. In addition, developmental delay was noted in 3 HME patients (Cases 1, 4, and 6). Other relevant clinical findings in the HME group were hemiconvulsion-hemiplegia epilepsy syndrome (Case 3), early hand preference (Cases 4 and 6), gaze pursuit difficulty with amblyopia (Case 4), and CLOVES-like syndrome (Congenital Lipomatous Overgrowth, Vascular malformation, Epidermal nevi, and Skeletal abnormalities) (Case 5). At the time of surgery, 4 of the 7 RE patients presented with EPC, 2 presented with generalized tonic-clonic seizures, and the remaining 3 presented with otherwise unspecified medically refractory epilepsy (Table 1). One patient developed seizures emanating from the contralateral hemisphere after severe prolonged seizures from the affected hemisphere and functional hemispherectomy. One of the patients with RE (Case 10) had spina bifida occulta and behavioral difficulties.
Radiological Features
Among the 7 HME patients, the abnormality was right sided in 4 and left sided in 3 patients (Table 1) . In all HME patients, MRI demonstrated enlargement of the affected hemisphere with T2 and FLAIR signal abnormalities in the white matter and midline shift. Other common radiological features in the HME group included cortical thickening, gray-white junction blurring, periventricular signal abnormalities, and enlargement of most of the ipsilateral ventricle with characteristic straightening of the frontal horn (Fig. 1) . Two patients (Cases 5 and 7) had polymicrogyric cortical patterns, while 1 patient (Case 1) had severe pachygyria throughout most of the left hemisphere. One patient (Case 3) had radiological findings of FCD Type IIb over the left frontal convexity in addition to cortical laminar necrosis after an episode of prolonged status epilepticus. This patient underwent a staged resection with an initial lesionectomy and partial frontal lobectomy, followed by a complete frontal lobectomy, followed by complete anatomical hemispherectomy because of ongoing seizures ( Table 1 ). The other patients had mild cortical thickening with slight blurring of the gray-white junction and abnormal underlying white matter.
Among the 7 RE patients, the abnormality was left sided in 4 (57%) and right sided in 3 (43%; Table 1 ). The RE patients with available imaging data both had T2 hyperintense lesions, with one involving the cortex and subcortical white matter and the other involving subcortical white matter extending to the corticospinal tracts. Four other patients had reports of holohemispheric or unilateral multilobar atrophy ( Table 1) . One of the patients exhibited mild volume loss of the involved hemisphere. Interestingly, the areas of T2 abnormalities were focal in both cases, being limited to only a few gyri (Fig. 1 ).
EEG Findings
All HME patients with available EEG information had diffuse, frequent epileptiform seizure activity originating from the side with the MRI abnormality. The discharges were poorly organized and irregular. The background was typically slow or discontinuous on the affected side. During seizures, epileptiform discharges often originated in and remained confined to the lesional hemisphere, sparing the contralateral side (Fig. 2 ). The 3 available EEG studies from RE Cases 9, 10, and 11 showed continuous, irregular spiking of central region of the affected hemisphere consistent with ongoing EPC (Fig. 2 ). Interestingly in a patient who had a left-sided lesion (Case 12), EEG showed rhythmic slowing over the right temporal region, illustrating poor scalp EEG localization when there is severe hemispheric atrophy or encephalomalacia.
Histopathological Findings
The histological abnormalities in HME patients were diffuse and extensive, with lesions involving all lobes, even though some cortical foci were spared. There were significant abnormalities in cortical lamination pattern with dysmorphic neurons and immature neuronal cells in all cases. There was notable cortical as well as white matter gliosis in 6 of the 7 patients with HME. Classic balloon cells with abundant eosinophilic cytoplasm and enlarged nuclei were present 4 of the 7 cases (Table 2) . Varying degrees of dystrophic calcifications were seen in 4 cases. These calcifications were mostly perivascular, except in the patient in Case 4 whose dystrophic calcifications involved individual cortical neurons. Neither significant satellitosis nor neuronophagia was identified in any of the HME specimens. Except for the patient in Case 3, none of the HME patients had perivascular lymphocytic infiltrates, parenchymal macrophage infiltration, or microglial nodules. Prominent microvascular proliferation compatible with a reactive vascular change was seen only in Case 1 among all HME cases.
The most prominent feature of all tissue specimens in the RE group was gliosis in the form of astrocytosis, including Alzheimer Type II astrocytes. The gliotic reaction portended a hypercellular appearance to the specimens. All but 1 patient had moderate to severe gliosis that involved both the cortex and/or the white matter, with slightly more pronounced gliosis in the cortex. The overall cortical lamination pattern along with neuronal maturation appeared unremarkable in all but one case. Perivascular lymphocytic infiltrates, scattered parenchymal lymphocytes, and microglial nodules were seen in all Table 2) .
Surgical Outcome
Among 7 patients with HME, 6 underwent functional hemispherectomy as the initial surgical intervention; 1 of these patients had undergone an earlier modified lo- bectomy. The remaining patient underwent anatomical hemispherectomy as the initial surgery. Three (50%) of the HME patients who underwent initial functional hemispherectomy subsequently warranted anatomical hemispherectomy, ranging from 5 months to 14 years after functional hemispherectomy. One patient did not need subsequent surgery following functional hemispherectomy during a follow-up period of 14 years. Follow-up for the remaining 2 patients was less than 1 year (Table   3 ). Postoperatively, all 7 patients developed a sustained hemiparesis, 1 patient developed tetraplegia, and 1 became nonverbal with oropharyngeal dysfunction. Following surgery, 4 of 7 patients were free of disabling seizures (Engel Class I), 2 had rare disabling seizures (Engel Class II), and 1 patient (Case 2) had worthwhile improvement (Engel Class III; see Table 3 ). The follow-up period for the HME group ranged between 4 months and 14 years (mean 4.2 ± 5.8 years). Among 7 patients with RE, 2 had biopsies, 2 had partial resections, 2 had functional hemispherectomies, and 1 patient had an anatomical hemispherectomy as the initial surgical procedure. Subsequently, 2 of the patients who underwent partial resections also underwent functional hemispherectomies due to inadequate seizure control. As curative surgery, 4 patients underwent anatomical hemispherectomies while the other 3 underwent functional hemispherectomies ( Table 3 ). The follow-up period for the RE group ranged between 2 and 26 years (mean 10.7 ± 7.7 years). All 4 patients with anatomical hemispherectomies achieved either Engel Class I or II outcomes (Table 3 ). All 3 patients who underwent a functional hemispherectomy had significant improvements in their seizure frequency (Cases 12 and 13, Engel Class I; and Case 12, Engel Class II). All patients had a contralateral hemiparesis and 1 patient had homonymous hemianopia. In addition, 2 patients had postoperative persistent speech deficits (Table 3) .
In summary, among 14 patients in this study, 8 had anatomical hemispherectomies and 6 had functional hemispherectomies as the final surgical intervention. All but one of the patients with anatomical hemispherectomy had a satisfactory outcome (Engel Class I or II; Table 3 ). All 6 patients with a functional hemispherectomy as their final surgical intervention had a satisfactory outcome.
Illustrative Cases
Case 1
This 3-year-old boy had a very uncommon MRI appearance of HME. He had lissencephaly of the affected hemisphere with very little white matter (most patients had increased white matter volume) and no visible basal ganglia. The histopathological findings in this patient were diffuse involvement of the hemisphere by dysmorphic and heterotopic neurons along with balloon cells (Fig. 3A) and lack of cortical lamination. In addition, the tissue sections demonstrated reactive changes and a florid vascular proliferation without ischemic changes beyond that typically seen in relation to excitotoxicity of infarcts.
Case 3
This 3-year-old boy initially presented with seizures and an MRI abnormality in the frontal lobe typical of FCD Type IIb, with no appearance of hemihypertrophy. He underwent 2 partial resections, which did not alleviate his seizures. Ultimately, he underwent a complete anatomical hemispherectomy and became seizure free. The sections from all 3 surgeries demonstrated scattered cortical lamination defects characterized by loss of cortical lamination, microdysgenesis, and scattered balloon cells throughout (Fig. 3B-D) . While these changes could be seen in all 4 lobes, some tissue sections demonstrated florid inflammatory and reactive changes and perivascular lymphocytic infiltrates (Fig. 3E ). There were scattered dystrophic neuronal and vascular calcifications and diffuse macrophage infiltrate within the white matter (Fig.  3F ). Immunohistochemical studies with the CD3 antibodies against T cells demonstrated the perivascular as well as intraparenchymal nature of the inflammatory infiltrates (Fig. 3G) . The inflammatory changes were more pronounced than typically seen in the setting of seizureassociated ischemic or excitotoxic damage and suggested an inflammatory etiology (Fig. 3H) . However, no infectious or inflammatory cause could be identified.
Case 8
This 8-year-old boy presented with typical clinical and radiological features of RE. The resection specimen demonstrated classic inflammatory findings of RE but also showed abnormal lamination and bizarre and dys- morphic neurons, suggestive of dual pathology with features of FCD (Fig. 4A and B) .
Case 14
The clinical presentation of this 9-year-old girl was more typical of RE with an abrupt onset and a history of a febrile illness a week before the seizures. The patient received standard treatment including plasmapheresis with no success. The histological features were typical of Rasmussen's disease with microglial nodules (Fig. 4C and  D) , perivascular inflammatory infiltrates (Fig. 4E and F) , and foci of cortical inflammation suggestive of neuronophagia ( Fig. 4C and G) . The most prominent histological finding was diffuse but mild dystrophic-and occasionally psammomatous-calcification involving individual neurons without evidence of ischemic change. The extent and nature of calcification was reminiscent of those seen in childhood infections (such as rubella or cytomegalovirus), but no infectious etiology could be identified.
Discussion
In our series of pediatric patients with exclusively unilateral holohemispheric and unilateral multilobar lesions, we tested the hypothesis that there may be dual pathology between HME and RE. We found that all 14 patients had seizures arising from the affected hemisphere with distinct imaging features. There is a high degree of similarity in pathology including reactive pattern with gliosis and white matter pathology, and 4 cases had dual pathology (2 HME patients with inflammatory changes, and 2 RE patients with dysmorphic neurons). Moreover, hemispherectomy appeared to be highly effective for seizure control.
Our series confirms the general features typically attributed to these 2 disease processes. Patients with HME had severe medically refractory seizures in common with other forms of cortical malformations. RE patients also had debilitating seizures that often developed into EPC. The shift of the seizure focus to the contralateral hemisphere in 1 patient was distinctly unusual and atypical in the absence of malformations and may have been due to the long period of medically refractory epilepsy and secondary epileptogenesis of the contralateral hemisphere. No other patient had any pathology or seizures emanating from the contralateral hemisphere.
Hemimegalencephaly and RE are easily distinguishable by imaging, particularly early in the disease course. We limited our study to patients with holohemispheric HME as these cases represent true HME, whereas partial HME is difficult to define and distinguish from FCD. HME patients had characteristics that are commonly seen in other forms of cortical dysplasia, such as gray-white junction blurring, cortical thickening, and gray matter heterotopias as well as pachygyria and polymicrogyria. Over time, the extent of hemihypertrophy became less pronounced, and in some patients, the involved hemisphere underwent atrophy even before functional hemispherectomy. This observation is in keeping with other examples in the literature that demonstrate a progressive atrophy of the involved hemisphere in HME. 1, 29 Thus, a distinction from RE may be more challenging during the later stages of HME. Taking into consideration the imaging available in the present study, MRI evaluation of both RE patients with images available involved a relatively normal-sized hemisphere that gradually demonstrated progressive atrophy. The RE patients also had MRI findings of T2 or FLAIR abnormalities in the cortex and white matter, but the cardinal finding was holohemispheric or unilateral multilobar atrophy. Because pathological assessment revealed abnormalities in all areas of the resected hemispheres, we can assume that the disease process is holohemispheric in nature. Similar to the imaging evaluation, the histopathological evaluation of the 2 disease entities suggested a malformative process in HME patients and a predominantly inflammatory process in RE patients. From that perspective, distinguishing most cases on histological grounds was relatively straightforward. Histological findings in HME were essentially indistinguishable from FCD (dyslamination, dysmorphic neurons, and balloon cells), and findings from biopsies or partial resections had been interpreted as FCD. The major distinction was the extent of cortical lamination abnormalities, heterotopic/bizarre neurons or balloon cells, which could be seen throughout the involved hemisphere in HME. 5, 8 One critical issue, however, is the paucity of lesions in certain foci of the cerebral cortex, and remarkably quiescent regions without obviously recognizable cortical lamination defect among clearly abnormal areas. This imparted a significant heterogeneity in the extent of the abnormalities from one case to another, consistent with the known mosaicism in this disorder. The extent of cortical and white matter gliosis imparted a markedly hypercellular appearance to the neuropil along with abnormal neurons and immature neuronal cells with no suggestion of a neoplastic process.
8 Additional histological findings in HME included dystrophic calcifications, macrophage infiltrates, and reactive vascular changes not associated with prior surgical procedures. An unusual finding was the presence of extensive perivascular lymphocytic infiltrates and microglial nodules within the cortex and white matter. While it is possible that this was also related to a vascular or hypoxic insult, the extent and distribution of the perivascular lymphocytic infiltrates suggested more of an inflammatory or infectious response related to a secondary (dual) pathology.
One particular case (Case 3) in the HME group was striking and informative. The histological findings in this patient demonstrated a much wider involvement by cortical malformation than that suggested on imaging. Furthermore, the subsequent course of this patient was likely complicated by an inflammatory/infectious or an ischemic pathology. The observation of marked inflammatory changes in HME suggests that the involved hemisphere may be susceptible to a number of insults. 9, 12, 26, 27 Some authors reported on patients with medically refractory seizures due to malformations of cortical development and associated "mixed cellular meningoencephalitis" in the absence of a demonstrable infection, providing further support to the possibility of dual pathology in some of the patients with HME.
21
In contrast to HME, RE predominantly shows an inflammatory picture with gliosis, microglial nodules, and neuronophagia, compatible with the designation of encephalitis. Some long-standing lesions also show areas of spongy destruction and gliosis of the white matter with capillary vascular proliferation and dystrophic calcifications. Unlike viral encephalitis, RE has no inclusion bodies, viral proteins, or genome, and studies to date have failed to identify any infectious agent. Additional pathological features seen in the RE group included dysmorphic and immature neurons as well as focal abnormalities of lamination, raising the possibility that RE might be trigged by seizures arising from FCD or developmental pathology in some cases. The latter findings are also consistent with the dual pathology observed by others in the setting of RE. 10, 20, 25, 30 Our findings echo the general consensus that functional or anatomical hemispherectomy provides the most effective seizure control in this group of patients. We also believe, similar to other authors, that hemispherectomy should be considered as an early treatment option for patients with HME or RE to achieve seizure freedom. 3, 11, 24, 28, 31 While it may be problematic to conceptualize hemispherectomy in a presumed inflammatory disorder, most case reports highlight cessation of seizures only after such a radical surgical approach. 3 In our series, lesionectomies or lobectomies were not effective at controlling seizures. We found that functional hemispherectomies may require subsequent conversion to anatomical hemispherectomies due to persistent seizures in these disease processes. Our seizure outcomes are similar to a larger published series of 92 pediatric patients who underwent functional hemispherectomies; 11 of 14 patients with RE (79%) were seizure free and 6 of 10 patients with HME (60%) were seizure free.
24 Inadequate disconnection was sometimes seen at reoperation, as reported here. Therefore, we believe that if functional hemispherectomy is attempted, then complete disconnection is critical for good outcome.
The limitations of the study include the relatively small number of cases given the low incidence of these 2 disease entities and the nonuniform treatments that patients received (single vs multistage surgeries). Despite these limitations, we show that hemispherectomies are highly effective for seizure control, and more interestingly, there are often overlapping histopathological features between these 2 entities with different pathophysiology. The exclusively unilateral and holohemispheric nature of both diseases suggests that there may be an underlying proclivity to develop lesions in only 1 hemisphere. It is possible that an underlying somatic mosaicism, constituting the permissive background in both diseases, renders particular regions of the brain susceptible to either malformations of cortical development or inflammatory insults, or both. There is increasing evidence that mosaicism may be an important factor in the genetic background of cortical migration disorders such as HME and FCD. 4, 13, 19 This susceptible population of cells can be targets of either a dysplastic or inflammatory, and occasionally dual pathology, which is partly supported by the overlapping features observed in some patients. Studies are being conducted to determine whether it will be possible to identify a common genetic background among pediatric patients who suffer from unilateral holohemispheric lesions associated with medically refractory epilepsy. sition of data: Tihan, Wang, Benkli, Sullivan. Analysis and interpretation of data: Tihan, Wang, Benkli, Barkovich. Drafting the article: Tihan, Wang, Benkli. Critically revising the article: all authors.
